The optimal use and monitoring of cyclosporine A (CyA) have remained unclear and the current strategy of CyA treatment requires frequent dose adjustment following an empirical initial dosage adjusted for total body weight (TBW). The primary aim of this study was to evaluate age and anthropometric parameters as predictors for dose adjustment of CyA; and the secondary aim was to compare the usefulness of the concentration at predose (C 0 ) and 2-hour postdose (C 2 ) monitoring. An open-label, non-randomized, retrospective study was performed in 81 renal transplant patients in Japan during [2001][2002][2003][2004][2005][2006][2007][2008][2009][2010]. The relationships between the area under the blood concentration-time curve (AUC 0-9 ) of CyA and its C 0 or C 2 level were assessed with a linear regression analysis model. In addition to age, 7 anthropometric parameters were tested as predictors for AUC 0-9 of CyA: TBW, height (HT), body mass index (BMI), body surface area (BSA), ideal body weight (IBW), lean body weight (LBW), and fat free mass (FFM). Correlations between AUC 0-9 of CyA and these parameters were also analyzed with a linear regression model. The rank order of the correlation coefficient was C 0 > C 2 (C 0 ; r=0.6273, C 2 ; r=0.5562). The linear regression analyses between AUC 0-9 of CyA and candidate parameters indicated their potential usefulness from the following rank order: IBW > FFM > HT > BSA > LBW > TBW > BMI > Age. In conclusion, after oral administration, C 2 monitoring has a large variation and could be at high risk for overdosing. Therefore, after oral dosing of CyA, it was not considered to be a useful approach for single monitoring, but should rather be used with C 0 monitoring. The regression analyses between AUC 0-9 of CyA and anthropometric parameters indicated that IBW was potentially the superior predictor for dose adjustment of CyA in an empiric strategy using TBW (IBW; r=0.5181, TBW; r=0.3192); however, this finding seems to lack the pharmacokinetic rationale and thus warrants further basic and clinical investigations.
INTRODUCTION
Cyclosporine A (CyA) is a lipophilic cyclic undecapeptide originally derived from the filamentous fungus Tolypocladium inflatum. 1 CyA has been used as a potent immunosuppressive agent for the treatment of autoimmune diseases and a number of organ transplantations, such as kidney, liver, heart, and
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International Publisher bone marrow, [2] [3] [4] [5] [6] [7] resulting in a significant improvement in clinical outcome. Despite its effectiveness, there are several problems and limitations in the treatment of CyA: these include transplant rejection, 8 opportunistic infection, 9 and renal toxicity. 10 In medicine, most of drugs for adult patients are administered at a flat-fixed dose. Only the dosage of some drugs such as aminoglycosides, phenytoin, and sympathicomimetics are based on the total body weight (TBW) of the patients. In oncology, the dosage of most antitumor agents is adjusted for body surface area (BSA) of the patients. 11 Dose adjustments of these drugs are required for their effectiveness and safety; the narrow therapeutic range of a drug from a maximum effect to a minimum toxicity demands a strict dosage. Therefore, to avoid adverse effects and to ensure its effectiveness, dosage individualization and therapeutic drug monitoring (TDM) mainly based on the plasma concentrations are required. CyA also has a narrow therapeutic range and requires TDM. However, CyA is extensively affected by many factors such as transplant organ, time after transplantation, presence of various disease states, concurrent use of drugs, race, age, and gender, 12, 13 resulting in a large individual variability. Therefore, the current strategy of CyA treatment demands frequent dose adjustment for TDM following empirical initial dosage adjusted for TBW, which would not be considered optimal.
It was commonly considered that the area under the whole blood concentration-time curve (AUC0-9) of CyA could be closely related to clinical outcome. However, TDM based on AUC 0-9 required serial measurements of CyA blood concentrations at multiple time points after administration. With regard to the burden for patients, the prediction of AUC 0-9 from a single-point monitoring is desired and the CyA blood level at predose (trough level: C 0 ) has been widely used in clinical practice; recently, monitoring the blood level at 2-hour postdose (C 2 ) is recommended. 14 However, some authors state that the efficacy of C 2 monitoring is uncertain and continue to support C 0 monitoring. 15, 16 Although various strategies of TDM for CyA have been discussed and developed for more than 20 years, the optimal use and monitoring of CyA have remained unclear and frequent dose adjustment is needed. The primary aim of this retrospective study was to evaluate age, gender and anthropometric parameters as a predictor for dose adjustment of CyA and the secondary aim was to compare the usefulness of C0 and C 2 monitoring. Therefore, we performed an open-label, non-randomized, retrospective study in 81 renal transplant patients in Japan during 2001-2010.
MATERIALS AND METHODS

Patients
This retrospective study focused on 81 adult (over age 20) patients who received a living-related renal transplantation and were treated with CyA at the University Hospital, Kyoto Prefectural University of Medicine, from July 2001 to February 2010. The exclusion criterion was either clinical diagnosis of transplant rejection, nephrotoxicity or cytomegalovirus infection. The characteristics of the study population are summarized in Table 1 . In all subjects, immunosuppressive therapy was performed in the same way; main concomitant drugs for immunosuppressive therapy were nifedipine for renal hypertension and lafutidine for the prevention of steroid-induced gastric ulcer. Anti-hyperlipemia drugs including statin were not used in our institution, because hyperlipemia after transplantation was almost caused by corticosteroid medication and was reversible.
The study was approved by the Ethics Committee of Kyoto Prefectural University of Medicine, and informed consent was obtained from all subjects. 2 for male = 0.287 * TBW + 9.74 * HT(m) 2 for female TBW, total body weight; HT, height.
Immunosuppressive Regimen of CyA
The immunosuppressive regimen of CyA developed by the Department of Transplantation and Regenerative Surgery, Kyoto Prefectural University of Medicine, is as follows: for living-related renal transplantation, the initial dosage of CyA (Neoral ® , approximately 12 mg/kg/day; Novartis Pharmaceuticals, East Hanover, NJ) was administered orally for 2 days before transplantation. CyA (Sandimmun ® , 4 mg/kg/day; Novartis Pharmaceuticals, East Hanover, NJ) was administered by continuous intravenous infusion on the day of transplantation, and thence, followed by oral administration of CyA (Neoral ® , approximately 12 mg/day/kg, twice daily after meals). The dosage of CyA was adjusted according to the daily/alternate-day blood trough level (C 0 ) and weekly AUC 0-9 of CyA on days 7, 14, 21 and 28. Target C 0 level and AUC 0-9 of CyA ranged from 200 to 300 ng/mL and from 5000 to 6000 ng•hr/mL, respectively. On the day of transplantation, methylprednisolone was given at a dosage of 500 mg. Subsequently, patients received prednisolone at 50 mg/day on days 0-3, 40 mg/day on days 4-11 and then the dosage was gradually reduced each week (30, 25, 20, 15 and then 10 mg/day orally twice daily after meals). On day 21, azathioprine (1-1.5 mg/kg/day) or mycophenolate mofetil (20-25 mg/kg/day) was added to the regimen.
Whole Blood Sampling and Pharmacokinetic Study of CyA
Whole blood samples for C 0 level of CyA were obtained daily before dosing until 14 days after transplantation, and thence, were obtained every other day. In addition, to ensure the outcome of CyA treatment in our institution, pharmacokinetic studies of CyA were performed 2 days before and on days 7, 14 and 28 after transplantation, which consisted of a series of whole blood samples at 0, 1, 2, 3, 4, 6 and 9 hr after CyA administration. The blood concentration of CyA was measured by the antibody-conjugated magnetic immunoassay (ACMIA) method using an Dimension Xpand ® system. The lower limit of detection in this method was 25 ng/mL. Inter-and intra-assay reproducibility were between 5-10 (C.V. %) according to results of International Proficiency Testing Scheme.
Pharmacokinetic Analysis of CyA
Non-compartmental pharmacokinetic analysis was applied to the pharmacokinetic study of CyA. The maximum whole blood concentration of CyA (C max ) and the time when CyA concentration reached C max (t max ) were obtained as the measured values. The terminal elimination rate constant (λ z ) was determined by the linear regression of at least three data points from the terminal portion of the whole blood concentration profile. The terminal elimination half-life (t 1/2 ) was determined by dividing ln2 by λ z . The area under the whole blood concentration vs. time curve (AUC 0-9 ) and the area under the first-moment curve to the last measured whole blood concentration (AUMC 0-9 ) were calculated using the linear trapezoidal rule from 0 to 9 hr. The mean residence time (MRT) was calculated by dividing AUMC by AUC 0-9 . Absolute apparent total body clearance (CL tot(app,abs) ) was calculated by dividing AUC 0-9 by the actual dosage without any adjustment such as anthropometric parameters, and then the absolute apparent volume of distribution at steady state (Vd ss(app,abs) ) was calculated by MRT* CL tot(app,abs) . All of the pharmacokinetic parameters including C 0 and C 2 levels obtained on day 28 were used in the following analysis, when these were considered to reach steady states.
Correlation between AUC 0-9 and C 0 , C 2 and C max of CyA
The relationships between AUC 0-9 of CyA and its C 0 , C 2 and C max level were assessed with a linear regression analysis model and the correlation coefficient was calculated. Prediction bias was estimated as the percent of mean prediction error (ME):
where n is the total number of samples, 81 patients in this study. Prediction precision was estimated as the percent of mean absolute prediction error (MAE):
Smaller values for %ME and %MAE indicate less bias and greater precision. The regression model was evaluated as the percent of mean difference in %MAE (∆%MAE) in comparison to that using C0:
where %MAE(ƒ) represents the %MAE obtained by a regression model using C 0 , C 2 or C max . If the value of ∆%MAE is positive, the regression model is superior to that using C 0 . In contrast, if negative, the regression model is inferior. In addition, the 95% confidence interval (95% C.I.) of ∆%MAE does not include 0, the superiority/inferiority of a regression model was judged to be statistically significant.
Anthropometric Parameters and Correlation of AUC 0-9 of CyA
In addition to age, 7 anthropometric parameters were tested for a predictor for AUC 0-9 of CyA: total body weight (TBW), height (HT), body mass index (BMI), body surface area (BSA), ideal body weight (IBW), lean body weight (LBW), and fat free mass (FFM). The equations to calculate these parameters except for TBW and HT are summarized in Table 1 . Correlations between AUC0-9 of CyA and these parameters were analyzed with a linear regression model in which the adjusted dosages for these parameters were independent variables (dose/parameter) and the correlation coefficient was calculated. Prediction bias, precise and regression model were similarly evaluated using %ME, %MAE and ∆%MAE, where ∆%MAE is redefined as follow:
The effect of gender on CyA pharmacokinetic parameters including AUC 0-9 were analyzed by Student's unpaired t-test.
All the values were presented as mean ± S.D. Analyses in this study were conducted using the StatView software package version 5.0 (SAS Institute Inc., Cary, North Carolina).
RESULTS
Demographic and anthropometric parameters of subjects are summarized in Table 2 . There were significant differences in all anthropometric parameters between genders. Whole blood concentration profiles of CyA on day 28 were individually described in Figure 1 and the pharmacokinetic parameters are summarized in Table 3 . Significant differences between genders were observed in dose, blood C2 level, CL tot(app,abs) and Vd ss(app,abs) . Figure 2 shows the correlations between AUC 0-9 and C 0 , C 2 and C max of CyA and correlation coefficients, %ME, %MAE and Δ%MAE are represented in Table 4 . The rank order of correlation coefficients was C max > C 0 > C 2 and the same order was obtained for %ME and %MAE. However, there was no statistical superiority of C 0 over C 2 observed. Figure 3 shows correlations between AUC 0-9 and absolute dose and adjusted dose for age and anthropometric parameters, and then correlation coefficient, %ME, %MAE and Δ%MAE are shown in Table 5 . The rank order of correlation coefficient was dose/IBW > dose/FFM > dose/HT > dose/BSA > absolute dose > dose/LBW > dose/TBW > dose/BMI > dose/Age. The rank order of %ME and %MAE was the same, except that the rank of dose/FFM and dose/HT was reversed. However, there was no statistical superiority/inferiority over dose/TBW. 
DISCUSSION
In 1999, Halloran et al reported that the blood level at C 2 showed the greatest predictive correlation with CyA systemic exposure, 17 and the monitoring of C 2 level has become the current gold standard for TDM of CyA therapy. The immunosuppressive effect of CyA is based on the inhibition of calcineurin phosphatase activity. It was reported that the inhibition activity of CyA was closely related to blood concentration profile and that the degree of variation in individual immune response was decreased at high blood levels of CyA, approximately > 700 ng/mL, whereas a marked variability (mean % CV, 84.0%) was observed around the estimated half-maximal effective concentration (EC50), 200 ng/mL. 18, 19 Therefore, a monitoring targeted for C max is considered to be useful, not only as a predictor of AUC 0-9 but also for pharmacodynamic monitoring, and thus its strategy would be a rational. On the other hand, after oral administration, a large variation in individual T max could be unavoidable. The limitation of C 2 monitoring could come from the difference between C 2 and C max . In this study, the C 2 of 43 patients were different from individual C max : their T max were not at 2 hr. In addition, the mean percent of underestimation, which was defined by (C max -C 2 )/C 2 *100, was 25.5% (maximum, 168.5%; data not shown), which could potentially lead unexpected overdosing. Therefore, there are potential limitations as a predictor of AUC and a risk of overdosing of CyA in using C 2 monitoring. Although C 2 monitoring is thought to be a theoretically novel approach, it was practically considered not to be a useful approach for single monitoring even after oral dosing of Neoral ® , which is an oral microemulsion formulation of CyA and might reduce the intra-and in-ter-individual variability in CyA absorption. Thus, C 2 monitoring should be used with C 0 monitoring, which has less variability. In contrast, after infusion of CyA, a single monitoring targeted for C max should be recommended because the end of infusion theoretically equals T max . 20 There have been many reports that focused on the effect of body size parameters on drug disposition and dosage adjustment, especially in severely obese patients. In a similar approach to these investigations, we assessed the demographic and anthropometric parameters of patients as a candidate for the predictor of pharmacokinetics and dose adjustment of CyA: gender, age, HT, TBW, BMI, BSA, IBW, LBW, and FFM.
In this retrospective study, the demographic and anthropometric parameters of subject, except for age were significantly different between genders (Table  2) . Likewise, there were significant differences in pharmacokinetic parameters of CyA between genders: the absolute apparent total body clearance (CLtot(app,abs)) and absolute apparent volume of distribution at steady state (Vd ss(app,abs) ) − without any adjustment including TBW, expressed in absolute terms (L/hr and L, respectively). The differences in pharmacokinetic parameters between genders were considered to be derived from the difference in body size between genders. In addition, no significant difference was observed in dose-and body size-independent parameters, Tmax, t 1/2 and MRT. Therefore, it was concluded that the effect of gender on the pharmacokinetics of CyA was relatively small and negligible in this study.
The linear regression analyses between AUC 0-9 of CyA and dose adjusted for candidate parameters (dose/parameter) indicated their potential usefulness as shown in the following rank order: IBW > FFM > HT > BSA > absolute dose > LBW > TBW > BMI > Age (Table 5) . BMI is the worldwide metric recommended by WHO to classify obesity and has often been used in pharmacokinetic studies; however, it failed to demonstrate usefulness as a predictor, possible due to the fact that adipose tissue is not distinguished from lean mass. 21, 22 BSA was initially developed by Du Bois et al. 23 Although it seems to be controversial, it was successfully reported that BSA was significantly related to the drug disposition of some antitumor agents and was closely correlated with liver volume. 24, 25 It is well known that there is a regional and racial difference in the calculations of BSA. In Japan, the original formula, Fujimoto formula, has been widely used. However, a recent investigation of BSA calculation in Japanese recommended the DuBois formula rather than the Fujimoto one. 26 Therefore; the former was used in this study. In addition, in clinical practice, BSA is generally capped to a value of 2 m 2 . This limitation was applicable to only one patient in this study (observed value, 2.12 m 2 ), but it did not produce any substantial change in the regression analysis, so it was ignored in this study. The concept of LBW is closely related to that of FFM, which is the weight devoid of most adipose tissue, and these two terms are often used interchangeably. 27 The linear regression analyses in this study indicated the IBW as the best predictor for AUC 0-9 and drug dosage of CyA, although no statistical superiority was observed over the empiric predictor, TBW. It means that at any body weight and any body composition, patients whose HTs are the same should receive the same dosage.
The concept of IBW was initially derived from insurance data, which represented a large quantity of evidence that related size to mortality. Subsequently, an empirical equation to estimate IBW was developed by Devine 28 in 1974 and is the most common reference cited in the pharmacokinetic studies. Considering its derivation as a predictor, however, IBW seems to have less pharmacokinetic evidence than any other anthropometric parameters in this study.
In this study, there was no significant correlation between t1/2 and dose-normalized AUC 0-9 (AUC 0-9 /dose) of CyA (correlation coefficient: r=-0.0072, p=0.9486, data not shown). In addition, CyA is a low-hepatic extraction drug and highly binds to plasma proteins, which means that the change of hepatic blood flow does not affect the metabolism of CyA. Therefore, it was considered that after oral dosing, the alteration of CyA metabolism including the variability in hepatic blood flow would not play a dominant role in its AUC0-9, and thus the volume of distribution was thought to be a modulator of AUC 0-9 ; with the presumption that the drug absorption should be constant among this population. Indeed, Vd ss(app,abs) was closely correlated with dose-normalized AUC 0-9 in this study (correlation coefficient: r=-0.8900, p<0.0001, data not shown). It was well known that CyA is distributed in adipose tissue due to its lipophilic property. 29, 30 The distribution volume of such a lipophilic drug is generally considered to be correlated to TBW and BMI, for which adipose tissue is related to lean mass. In contrast, for IBW, FFM, LBW and BSA, adipose tissue is compensated for and these parameters are considered to be correlated to the distribution volume of hydrophilic drugs. 31, 32 These findings were in conflict with the results obtained in this study and IBW seems to lack the rationale for a predictor of CyA. However, our results were supported by previous clinical reports: Flechner et al. investigated the impact of TBW on CyA pharmacokinetics between obese and non-obese patients and reported that there was a significant difference in TBW, but not in Vd ss(app,abs) adjusted for IBW. They concluded that in the early transplant period, CyA should be given to obese patients based on IBW. 33 Likewise; Yee et al. also reported that after intravenous infusion, CL tot and Vd ss of CyA were not significantly different between obese and non-obese patients when adjusted for IBW. They concluded that the maintenance dosage of CyA should probably be given on the basis of IBW rather than TBW. 34, 35 In addition, García-Sáiz et al. reported that the trough CyA concentration-dose ratio (CDR) was not correlated with %IBW calculated by TBW/IBW*100, to which the distribution volume of hydrophilic drugs was generally correlated. 36 Grevel et al. reported that the height of patients correlated with CL tot after infusion of CyA, whereas TBW, BSA and %IBW were not correlated to CL tot . 37 However, no report provided a plausible mechanistic explanation for the fact that the distribution volume of CyA is independent of body weight and composition, regardless of its distribution characteristics. Indeed, their clinical reports did not have enough evidence to explain the mechanism; a similar problem found in this study. There is one possible explanation; since CyA has a high affinity to albumin and low density lipoprotein and distributes to erythrocytes, their qualitative and quantitative changes could have a great potential to modulate the distribution balance between adipose and lean tissue, resulting in TBW-independent drug disposition.
CONCLUSION
In conclusion, although C 2 monitoring targeted for C max has several advantages, after oral administration, a large variation in individual T max could be unavoidable and thought to be at a high risk for overdosing of CyA. Therefore, after oral dosing, it was not practically considered to be a useful approach for single monitoring and should be used together with C0 monitoring.
The regression analyses between AUC 0-9 of CyA and the anthropometric parameters indicated that IBW was potentially the superior predictor for dose adjustment of CyA compared to the a priori strategy using TBW; however, this finding seems to lack the pharmacokinetic rationale and thus warrants further basic and clinical investigations.
